This work presents the investigations of AlN thin films deposited on Si substrates by means of magnetron sputtering. Nine different sputtering processes were performed. Based on obtained results, the tenth process was prepared and performed (for future ISFET structures manufacturing). Round aluminum (Al) electrodes were evaporated on the top of deposited layers. The MIS capacitor structures enabled a subsequent electrical characterization of the AlN films by means of current-voltage (I-V) and capacitance-voltage (C-V) measurements. Based on these results, the main parameters of investigated layers were obtained. Moreover, the paper describes the technology of fabrication and electrical characterization of ISFET transistors and possibility of their application as ion sensors.
Introduction
ISFET microsensors were widely used for pH measurements [1] [2] [3] , analytical and biomedical applications and monitoring of ground water pollution. ISFET is a good candidate for the investigation of various materials for new sensitive membranes. Most often Si 3 N 4 is applied as an ISFET membrane material as well as SiO 2 , mainly because of its most polished deposition technology used in microelectronic industry. Amorphous Si 3 N 4 is suitable only in a limited way, because its gate is subjected to a high drift and cannot be used in aggressive media for a longer period of time. The Si 3 N 4 -based devices show instability of the pH response caused by conversion of the nitride to a hydrated SiO 2 3 , were examined [1] [2] [3] . The reason for the introduction of alternative materials in silicon technology is primarily their high dielectric * E-mail: P.Firek@elka.pw.edu.pl constant, which can improve the detection properties of the devices. At the same time there is a need for such coatings that have a high chemical resistance at high temperature, while maintaining the insulating properties that is high resistivity.
Several properties of the AlN films, such as, e.g. isomorphous crystallographic structure, high resistivity (∼10 13 Ω·cm), high thermal stability (up to 2200°C), quite high value of dielectric constant (∼9) make them an excellent material for application in MIS/ISFET structures, as a gate dielectric [4] [5] [6] . Ion Sensitive Field Effect Transistor (ISFET) is a kind of Metal Insulator Semiconductor Field Effect Transistor (MISFET) in which the metal gate is replaced by an ion-sensitive membrane, an electrolyte solution and a reference electrode.
Experimental

AlN deposition and characterization
AlN films were deposited on p-type Si ((1 0 0), ρ = 1 to 10 Ω·cm) substrates using reactive magnetron sputtering method. All the processes were conducted with the use of Plasmalab 400, the device of Oxford Company. The experiment was designed by using an orthogonal matrix with four parameters: power density, pressure (of the mixture Ar and N 2 ), N 2 /Ar flow ratio and deposition time and the elements of Taguchi's methods of optimization [7] . Table 1 presents the deposition process parameters and their given values. All the experiments were implemented with the target-substrate distance of 100 mm and 8 inch target diameter. The process parameters are summarized in Table 2 .
Round, aluminum (Al) electrodes were vacuum-evaporated on the top of the deposited layers.
Thus, metal-insulator-semiconductor (MIS) structures were created which enabled the calculation of various parameters of the deposited AlN films based on their electrical characterization (current-voltage (I-V) and capacitance-voltage (C-V) measurements). Current-voltage characteristics were obtained using Keithley SMU 238, whereas high-frequency (1 MHz) C-V measurements were performed using HP 4061A test station. On this basis, a new process was developed with the parameters given in Table 3 .
After preparation of MIS capacitor structures with dielectric films deposited in magnetron sputtering process described in Table 3 , the currentvoltage (I-V) and capacitance-voltage (C-V) characteristics were measured. Then the wafers were annealed in accordance with the parameters in Table 4 and the electrical characteristics were measured again.
In addition to electrical measurements, the analyzes of selected samples were also performed using atomic force microscopy (AFM). Moreover, the optical parameters of the obtained layers were studied with a spectroscopic ellipsometer (HORIBA JOBIN YVON UVISEL).
MIS/ISFET fabrication and characterization
The first step of fabrication process of Metal Insulator Semiconductor/Ion Sensitive Field Effect Transistor (MI/ISFET) structures was thermal oxidation in order to obtain a field oxide of about 440 nm. A p-type silicon (1 0 0) oriented substrate with resistivity of 1 to 10 Ω·cm was used. After the first photolithography, drain and source areas for doping were opened and doped with phosphorous. In the next step, 20 nm thick SiO 2 film was produced by thermal oxidation and then aluminum nitride film was deposited by means of magnetron sputtering method. Another photolithography allowed the preparation of a photoresist mask for wet etching process. The AlN layers were etched in a solution of phosphoric acid (H 3 PO 4 :CH 3 COOH:H 2 O:HNO 3 (31:6:2:1)) in a temperature of 60°C. At the last step, contacts for metallization were opened and aluminum was evaporated.
Photolithography masks used in the processes allowed manufacturing of two types of transistors on a single wafer: ISFET structures with ion exposed gate and MISFET structures with aluminum gate electrode. 
Results
Morphology and structural composition of the AlN films
Surface morphology of the obtained layers was studied by atomic force microscopy (AFM): the images are shown in Fig. 1 -3 . The films show a uniform thickness and are smooth with the roughness parameters collected in Table 5 .
Optical properties of deposited films
Results of investigations of optical properties have been collected in Table 6 . 
Electrical properties of the layers
Results of C-V measurements of produced capacitors are shown in Fig. 4 and Fig. 5 . It can be noticed that the measurement results for different capacitors manufactured in the same process are repeatable. The parameters calculated from C-V characteristics are collected in Table 7 . In Fig. 6 672 PIOTR FIREK et al. the influence of the deposition process parameters on electrical parameters is presented.
Electrical characteristics (I-V) of fabricated MIS structures are shown in Fig. 7 and Fig. 8 . The curves are repeatable and show good insulating properties.
Electrical properties of ISFET transistor
The obtained transfer and output characteristics are presented in Fig. 9 and Fig. 10 . 
Discussion
The influence of the input parameters of power, pressure and Ar/N 2 ratio on electrical parameters is presented in Fig. 6 . The analysis of such relations allows us to select the most favorable deposition parameters for high permittivity, low flatband voltage level (which subsequently results in low values of threshold voltage), charge trap density and effective charge, as well. As it can be seen on the presented graphs (Fig. 6) , the parameters annealing), which is a high value in comparison to SiO 2 (3.9), Si 3 O x N y (5.6 [8] ), BN (5.5 [9] ), Al 2 O 3 (6.5 [10] ) or Gd 2 O 3 (8 [11] ). Yet, it should be taken into account that it usually depends on the layer production method. MISFETs with the gate stack made from other materials, e.g. BaTiO 3 [12] , where the obtained values of the threshold voltage were several times higher (6 V). The very promising permittivity and treshold voltage values make AlN a quite interesting material from the IS (Ion Sensitive) FET structures point of view.
Conclusions
The obtained AlN films show good adhesion to SiO 2 layers and silicon substrates. They have relatively high dielectric constant. Quite low values of the threshold voltage show that two interfaces, Si-SiO 2 and SiO 2 -AlN, have good properties, i.e. low level of traps density and surface charge. AlN layers exhibit several very interesting electronic properties, which make this material promising from sensor point of view, especially for ISFET structures.
